Ultraslow-spreading ridges rapid Paradigm changes s P e c i A l i s s U e F e At U r e Since the advent of plate-tectonic theory, mid-ocean ridges have been classifi ed based on their structural, morphological, and volcanologic characteristics into two major types based largely on their spreading rate: "fast" (> 60 mm yr -1 full rate)
and "slow" (< 60 mm yr -1 full rate). An "intermediate" type is often placed between them. Both types of ridges share certain characteristics: (1) they have roughly the same crustal thickness (6-7 km-see Figure 2 ), (2) in plan view they have a characteristic stair-step geometry of volcanic rifts separated by perpendicular transform offsets, and (3) they generate a characteristic outcrop pattern of elongate, fault-bounded abyssal hills trending normal to the spreading direction. Their differences lie primarily in their across-axis morphology: fast-spreading ridges have an axial rise with a very narrow summit graben that is the locus for most volcanic and tectonic activity, whereas slow-spreading ridges have rugged rift mountains enclosing a broad axial valley. Fast-spreading ridges tend to be dominated by volcanism, while the morphology of slow-spreading ridges is dominated more by tectonics. This distinction was widely accepted for many years as a basic principle by the worldwide geologic community. It was taught to undergraduates as a fundamental characteristic of seafl oor geology, and its causes were debated as one of the not-completely understood corners of plate-tectonic theory. ). red indicates ultraslow-spreading ridges.
All other ridge segments are indicated in yellow. gr = gakkel ridge, lt = lena trough, Kr = Knipovich ridge, mr = mohns ridge, ct = cayman trough, AAr = AmericaAntarctic ridge, and swir = southwest indian ridge. Note that sections of the Kolbeinsey and reykjanes ridges north and south of iceland, which spread at < 20 mm yr -1 , are not indicated in red because the infl uence of the iceland hotspot causes these ridges to behave diff erently than other ultraslow-spreading ridges. Bown and White (1994) The characteristics of both slow-and fast-spreading ridges fit well with the ophiolite model for the formation of oceanic crust, which entered the geological canon at the 1972 Penrose Conference on Ophiolites and Ocean Crust (Conference Participants, 1972) . This model, based on geologic mapping on land in ophiolites, calls for a layered structure of pillow basalts, sheeted dikes, gabbro, and mantle (see Figure 3 ) in a thickness and proportion consistent with the seismic structure of both fast-and slow-spreading crust. These characteristics have been an important cornerstone of plate-tectonic theory for the past 35 years and have continuously proven useful in helping to understand the most inaccessible parts of Earth's crust (Nicolas, 1995) .
Oceanography

Modifi ed after
Proble ms with the PeNrose model s
Outcrop of mantle ultramafic rocks on the ocean floor was first described at the slow-spreading Mid-Atlantic Ridge (Aumento and Loubat, 1970) . In the Penrose model, a 6-km layer of basaltic rock covers the mantle; thus, ultramafic rocks at the seafloor should be rare. Their emplacement to the ocean floor requires Figure 3 . models of oceanic crustal structure (Nicolas, 1995) . The harzburgite-type model describes crust similar to "normal" Penrose-style mid-ocean ridge crust. The origin of lherzolite-type crust was debated for many years, but is now correlated with nonvolcanic rifted margins and to ultraslowspreading ridges.
mechanisms that would seem implausible, such as faults with a minimum of 6-km displacement (though such faults were in fact later found), or serpentinite diapirism when the serpentinites themselves have densities hardly less than the basaltic rocks through which they must rise. Also, there is no indication how water might penetrate through many kilometers of oceanic crust to create serpentinites in the mantle. Early on, these problems were explained by the idea that great transform faults (Morgan, 1968) , which offset ridge segments, provided a pathway for water to enter the mantle and for serpentine diapirs to rise to the surface. Most abyssal peridotites were recovered from the walls of large-offset transform faults, or near them. On the Southwest Indian Ridge (SWIR), peridotites were even more common (Dick, 1989; Engel and Fisher, 1975) .
By the mid-1990s, unusual ridge segments were also found on the SWIR that were anomalously deep and not perpendicular to the spreading direction, as Penrose-style volcanic rifts are supposed to be. Neither were they transform faults, which are geometrically required to be parallel to the spreading direction.
The walls of these rifts instead trend at a highly oblique angle to the prevailing spreading direction. These oblique rift segments frequently contain mantle peridotites as well as basalts of unusual composition. Although these types of basalt were already known from ocean islands and ridges near major hotspots, their presence in these anomalous rifts, often called "leaky transforms," could not easily be reconciled with prevailing ideas about crustal accretion or the generation of oceanic basaltic magmas (Cannat et al., 1999; le Roex et al., 1992; Patriat et al., 1997) Another major change to ideas of crustal accretion came through discoveries at ridge-transform intersections.
Dredging results showed that the elevated inside-corner-high sections of transform faults contained abundant rocks from the lower crust and upper mantle.
While the faults bounding the inside corner high were large, with as much as 500 m of obvious vertical displacement, this was nowhere near enough to bring up mantle rocks from beneath a full section of oceanic crust (Dick, 1989; Karson and Dick, 1983) . Subsequently, improved bathymetric imaging showed obvious signs that this faulting was along many tens of kilometers of displacement (Cann et al., 1997; Tucholke et al., 1998) . Nearby dredging of anomalously deep regions of the ridge (so-called zerooffset fracture zones, or nontransform discontinuities) also recovered lower crustal and upper mantle rocks, far from the effects of transforms (Cannat et al., 1995) . At this point, one was forced to wonder, even on slow-spreading ridges, just how much of the crust could be considered "normal."
Almost from the beginning, the observation of a constant crustal thickness across the entire range of spreading rates (see Figure 2 ) began to unravel as well. While it remained true at most spreading ridges that the seismically determined crustal thickness was nearly constant, at the slowest spreading rates, notably in a seismic study done through the ice of the Arctic Ocean, the oceanic crust seemed to be dramatically thinner than along the rest of the global midocean ridge system ( Figure 2 ). The crust was so thin, in fact, that the very concept of a "crust" had to be called into question, as the seismic structures found could easily be satisfied by a thin layer of serpentinite overlying bare mantle (Bown and White, 1994; Jackson et al., 1982; Reid and Jackson, 1981) . The full spreading rate varies from about 14 mm yr -1 at the Greenland end to less than 8 mm yr -1 at its Laptev Sea termination (Reid and Jackson, 1981; Vogt et al., 1979) . Thus, at its fastest end, the Gakkel Ridge spreads more slowly than any other mid-ocean ridge. Pack-ice cover had prevented Arctic hard-rock dredge operations until 1999 when the icebreaker PFS Polarstern (Alfred Wegener Institute, Bremerhaven, Germany) recovered the first peridotite, basalt, and hydrothermal rocks from the Lena Trough, just to the south (Snow et al., 2001) . At the same time, a US Navy-civilian science cooperation used civilian instruments on a US nuclear submarine to produce the first bathymetric and sidescan sonar images of Gakkel Ridge (Coakley and Cochran, 1998; Cochran et al., 2003; Edwards et al., 2001) . plate-boundary geometry, mantle magmatic productivity, and mantle potential temperature .
Ultraslow-spreading ridges uniquely possess amagmatic rifts that expose mantle peridotite directly on the seafloor, with only scattered basalt and gabbro . Along with magmatic rifts, transforms, and subduction zones, amagmatic rifts form a new, fourth class of plate-boundary structure. . red lines show magnetic lineation picks. Modified from Figure 1 , Jokat et al. (2003) 2003; Michael et al., 2003; Okino et al., 2002) . Amagmatic segments can also assume any orientation to the spreading direction, sometimes forming oblique rifts Snow et al., 2001 ), and they can produce a unique "smooth" seafloor (Cannat et al., 2006) . Magmatic accretion at ultraslow-spreading rates can either be robustly magmatic, as at the orthogonal supersegment of the SWIR or the western Gakkel Ridge , or it may be confined to highly focused, short magmatic segments (producing crust with orthogonal structures) linked by amagmatic segments. Where the plate boundary runs oblique to the direction of spreading, the amagmatic style of spreading is enhanced such that oblique amagmatic segments can form at higher spreading rates than would otherwise be possible . (Hart, 1984) . Mantle peridotites from ultraslow-spreading ridges afford unique, nearly direct access to Earth's mantle.
Analyses of these rocks have led to the conclusion that there is primary mineralogic variability in the upper mantle that affects partial melting (Dick et al., 1984) , that mid-ocean ridge melting occurs by a process of near-fractional melting (Johnson et al., 1990) , and that deep melts formed in the presence of garnet are a component of mid-ocean ridge basalt (Hellebrand and Snow, 2003) .
iNsights oN coNtiNeNtAl riF tiNg ANd oPhiolite s
Ultraslow-spreading ridges have increasingly become a model for understanding some of the more puzzling aspects (Whitmarsh et al., 1996; Whitmarsh et al., 2001; Whitmarsh et al., 1993) . At the same time, sedimentary sequences in the western Alps were recognized as the margin of a rifted continent (Froitzheim and Manatschal, 1996; Manatschal, 2004) . It is thus perhaps ironic that ultraslow-spreading ridges have now been surveyed more thoroughly for hydrothermal activity than ridges in most other spreading-rate classes (Baker and German, 2004) . This discrepancy is the result of the coincidence between the be- 58° to 60°E and 63° to 66°E , the SWIR from 10° to 23°E (Bach et al., 2002; , and the Gakkel Ridge from 8°W to 85°E .
The results of these surveys, along with isolated discoveries on the Mohns and Knipovich Ridges (Connelly and German, 2002; Pedersen et al., 2005) and in the Lena Trough (Snow et al., 2001) , demonstrate that high-temperature hydrothermal venting is ubiquitous on ultraslow-spreading ridges. The three densely surveyed sections yield a site frequency of about one site per 100 km.
Recent normalization of site frequencies to the ridge magma-production rate suggests that ultraslow-spreading ridges may be two to four times as efficient as fast-spreading ridges at converting the available magmatic heat into vent fields Baker and German, 2004) . With the exception of the Mohns Ridge sites (Pedersen et al., 2005) reFereNce s
